ABSTRACT -The objective of this study was to evaluate the effects of genetic group and environmental factors, including farm of origin, season of calving and lactation number, on the individual lactation curves of 1,010 Holstein-Gyr, GuzeratHolstein, Holstein-Nellore, and Holstein-Zebu F1 cows on the experimental farms of the Agricultural Research Company in Minas Gerais (Empresa de Pesquisa Agropecuária de Minas Gerais, EPAMIG). Least squares analysis and the incomplete gamma function were used to investigate differences in early milk yield, peak milk yield, time from onset to the lactation peak, persistency, total milk yield and lactation duration. The highest early yields were observed for Holstein-Gyr and Holstein-Zebu, and the lowest were observed for Holstein-Nellore cows. Early yield increased with lactation number, and the lactations that began in the late rainy and early dry seasons had the highest early yield. The time between lactation onset and the lactation peak was longer for primiparous Holstein-Gyr and Holstein-Guzerat cows. The lowest yields at the lactation peak were observed for the first lactation number. The highest values of persistency were observed for the first lactation number in Holstein-Guzerat cows. Total production from Holstein-Gyr and Holstein-Zebu cows were higher by approximately 14% and 29% compared with Holstein-Guzerat and Holstein-Nellore cows, respectively. The highest total yields were observed in lactations beginning in the dry season. Total yield increased with lactation number. The shortest lactation periods were observed in lactations beginning late in the rainy season. The incomplete gamma function was used to fit the individual curves from the genetic groups evaluated. The total yield differences were linked to early yields and yields at the peak of lactation.
Introduction
In 2010, Brazil produced approximately 31.7 billion liters of cow milk, making it the fifth-largest producer worldwide. In 2000, the national production was 20.4 billion liters, representing 55% growth over 10 years (FAOSTAT, 2012) . Thus, milk production is becoming increasingly significant for the national economy.
Despite the steady growth, dairy farming in Brazil does not have a standard of production. The systems are of extremely hight (Zocal, 2012) ; in particular, the genetic makeup and nutritional and health management of the herds vary. Most production is from dairy cows that are various crosses between European breeds and Zebu breeds. In 2005, 44% of the herds in the state of Minas Gerais, which is the largest producer, were made up of crossbred Holstein-Zebu cows (Gomes, 2006) .
Lactation curves describe milk production over time and can be studied using mathematical models. The incomplete gamma function is the most frequently cited method in the literature and is used to fit data for crossbred Holstein-Zebu cows (Glória et al., 2010) . The function parameters are used to estimate lactation curve characteristics with economic significance, including early yield, peak yield, time from onset to lactation peak, persistency and total lactation yield.
Knowing these characteristics and how they are influenced by genetic and environmental factors is useful for the selection process, choosing the most suitable genotype for each situation, establishing different nutritional strategies, planning feed purchases, and determining calving season suitability, among other activities that maximize productivity and/or profitability. In addition, the curves of animal lactation facilitate the prediction of the total yield from partial yield, which aids in early animal disposal and breeding evaluation when the lactation records of the progeny are incomplete.
The objective of this study was to model the individual curves of four genetic groups of crossbred Holstein-R. Bras. Zootec., v.41, n.11, p. [2309] [2310] [2311] [2312] [2313] [2314] [2315] 2012 Zebu cows and to evaluate the influence of genetic and environmental factors on the estimated parameters and characteristics of the lactation curves.
Material and Methods
Individual curves were modeled using the records of milk production between February 1998 and February 2007 for Holstein-Gyr, Holstein-Guzerat, Holstein-Nellore and Holstein-Zebu F1 cows at two experimental farms of the Agricultural Research Company in Minas Gerais (Empresa de Pesquisa Agropecuária de Minas Gerais, EPAMIG). One farm was located in Felixlândia, which is in the state Minas Gerais, and the other was in Patos de Minas, located in the region of Alto Paranaíba, Brazil. The animals at both properties originated from other farms and were either purchased or bred in EPAMIG farms. The Zebu group refers to the animals with a Zebu genetic makeup, primarily from the Indubrasil and Gyr breeds, which were selected for milk production. The Nellore group refers to animals from this breed that were not selected for milk production. Because these are experimental herds, the animals were not selected based on qualities associated with the progression of lactations; as a result, the milk controls were not conducted based on this information.
Milk control was performed at regular intervals over 14 days. Incomplete lactations and lactations that persisted for fewer than 100 (n = 34) days or more than 400 days (n = 32) were not considered, which yielded 23,102 records for milk production from 1,340 lactations from the first through ninth lactations to model the individual curves. The length of lactation was defined as the number of lactating days in the last milk control.
In the summer, nutritional management was based on Brachiaria decumbens and Brachiaria brizantha pastures, and in the winter, the cows were fed corn and sugarcane silage supplemented with urea. During milking, concentrated feed was provided according to individual milk production and lactation stage. Within 30 days before delivery, the animals were kept in calving paddocks with Brachiaria brizantha and Brachiaria decumbens pastures and received only mineral salt ad libitum during the summer. During the dry season, the cows received supplemental roughage with corn silage and 800 g of protein.
Cows that produced more than 8 kg of milk per day were milked mechanically twice a day, and cows with lower yields were only milked once per day. During milking, calves were present to induce the milk let-down reflex, and after milking, the calves were released with the cows to suckle the residual milk. Habituation to milking conditions, which were identical for both farms, began 30 days before the heifers were born. First, the heifers proceeded through the milking parlor in a single line, and then they stopped in the line so that the dairy farmer was able to reach them and clean their udders with water (Amaral et al., 2006) .
Although the roughage used in both farms was similar, putative differences in the soils and climate (rainfall and temperature) and the unique methods for roughage preparation of each farm may have generated a disparity in feed quality between the farms. The management practices of the two farms were similar, and the milking conditioning procedures used on both farms are practices accepted in the industry. However, these practices were carried out by different employees, which may have led to putative differences between management practices and procedures of the farms.
Wood's incomplete gamma function (1967) was used to fit the individual lactation curves, described as y t = a t b exp (-ct) .
In this description, y t is the daily yield on day t and 'a', 'b' and 'c' are constants. Parameter 'a' is the daily yield at the onset of lactation, 'b' is the slope of the ascending phase of milk production and 'c' is the slope of the descending phase (Wood, 1976) . Estimates for the early-yield lactation characteristics were then generated for each individual curve through y t = a 1 b exp (-c1) ; milk yield at the lactation peak through , in which n is mean lactation length and y t is the yield on day t.
The coefficients of determination, which were adjusted (R 2 A ) to the number of function parameters (K), were calculated to determine the fit of the data to the model (Silva, 2005) 
which N is the number of observations, RSS is the residual sum of squares and TSS is the total sum of squares.
Atypical curves, which had negative values or values greater than 1 (one) for 'b' and/or negative values for 'c', were not used to assess the effects of environmental factors and genetic group (El Faro & Albuquerque, 2002) .
Lactations that began in 1998 and 1999 were not used given the low frequency of observations and different management practices used. Thus, the remaining 1,010 individual curves were used in the following analyses (Tables 1 and 2 ).
The environmental factors were as follows: farm of origin (Felixlândia versus Patos de Minas), season of calving (the beginning of the rainy season, from November to January; versus the end of the rainy season, from February to April; versus the onset of the dry season, from May to July; versus the end of the dry season, from August to October) and lactation number (classified as first, second, third, fourth or higher for all genetic groups).
The fixed effects of genetic group and environmental factors on lactation parameters and traits were evaluated using the least squares method and GLM procedure from the statistical package SAS (Statistical Analysis System, version 6.12).
Initially, complete models were tested with parameters 'b' and 'c' as well as lactation traits (early yield, peak yield, time between the lactation onset and peak of lactation, persistency, and estimated total yield and lactation duration) as dependent variables. The fixed independent variables were farm of origin, genetic group, season of calving, lactation number and their pairwise interactions. Parameter 'a' was not tested because it was closely correlated (0.99) with early yield. The primary objective for these models was to investigate any interactions between the genetic group and environmental effects. The final models included only the significant interactions (P<0.05) between environmental effects and genetic group. The adjusted means were compared using Tukey's test with the assumption that 0.05 is significant.
Results and Discussion
Twenty-three percent of the individual curves were considered atypical, primarily because 'b' yielded negative values, which reflects curves with no peak and a linear decrease in milk production beginning with the onset of lactation. This percentage of atypical curves was lower than that observed by Cobucci et al. (2000) and El Faro & Albuquerque (2002) when adjusting lactation curves for Guzerat (25.3%) and Caracu (40%) cows, respectively, using the incomplete gamma function.
Of the 1,010 curves considered normal, 99% had determination coefficients adjusted to the number of parameters that were above 0.90, which indicates that the incomplete gamma function adequately modeled the individual curves for Holstein-Gyr, Holstein-Guzerat, Holstein-Nellore and Holstein-Zebu F1 cows according to milk production records in 14-day intervals. Adjusting individual lactations for Caracu cows using the incomplete gamma function, El Faro & Albuquerque (2002) measured 6.79% lactations with determination coefficients above 0.90.
High values for coefficients of variation were observed for typical lactation curve parameters and features (Table 3 ). According to El Faro & Albuquerque (2002) , highly variable coefficient values and extreme values for parameter estimates suggest a large variation in the shape of the lactation curve. These variations may result from the influence of different environmental and genetic factors. An analysis of variance established lactation number as the variable that contributed most to variation in lactation parameters and traits.
The highest early yields were observed for HolsteinGyr and Holstein-Zebu animals, followed by HolsteinGuzerat and then the Holstein-Nellore group (Table 4) . The Gyr breed is more commonly selected for milk production, and there has been a recent trend in the selection of the Guzerat breed for superior dairy performance, which may have generated the observed disparity in yield.
Cows that calved at the end of the rainy period and at the onset of the dry season had the highest early yields (Table 4 ). This result may be related to the superior condition score of animals that calved at the end of the rainy period because these cows had access to higher-quality pastures during the pre-birth period as well as roughage supplementation with corn silage and protein concentrate supplementation during the dry season, which coincided with the onset of lactation. Gonçalves et al. (1997) observed higher early yields for lactations in Gyr cattle that began during the rainy season, which were individually adjusted using the quadratic logarithmic function.
Early yield increased with lactation number, and all of the numbers were significantly different (P<0.05). Increases of 51, 13, and 16% were measured between the first and second, second and third, and third and fourth lactations, respectively (Table 4 ). This result may be related to the decrease in stress from milking management through the increased lactations. During the first lactation, the animal encounters unfamiliar situations, including the atmosphere of the milking parlor, the presence of the dairy farmer, and the milking procedure. These factors trigger physiological reactions that interfere with milk production and release. Madalena et al. (1979) studied the lactation curve for Holstein-Frisian cows and their offspring from Gyr crossbreds using the incomplete gamma function. This group also measured decreased values for parameter 'a', which is linked to early yield, for primiparous cows; however, in contrast with the study herein presented, the values of parameter 'a' were similar for the remaining lactation numbers.
Farm, season of calving, and lactation number affected parameter 'b', and farm and season of calving affected 'c'. According to Cobby & Le Du (1978) , a biological interpretation is difficult for these parameters. Nevertheless, such parameters are crucial for estimating lactation features, including early yield, milk yield at lactation peak, time between the onset of lactation and lactation peak and persistency.
Farm, season of calving and the interaction between genetic group and lactation number affected the time between lactation onset and lactation peak. The number of days from lactation onset to peak yield was 29% higher on the Felixlândia farm and lower for lactations initiated at the end of the rainy season (Table 5 ). The farm effect may be related to both higher peak yield and the greater number of days until peak yield.
For the Holstein-Gyr and Holstein-Guzerat genetic groups, the longest time between lactation onset and lactation peak was observed in primiparous cows. Values ranged from 29.0 to 40.6 days for Holstein-Gyr cows and 24.9 to 55.5 days for Dutch-Guzerat cattle (Table 6) . As cited by Tekerli et al. (2000) , Rao & Sundaresan (1979) reported that the milk-secretory tissue requires more time for peak activity in primiparous cows than in multiparous cows. No differences were observed for early yields in the remaining genetic groups for the various parity numbers. High standard errors may contribute to these similarities. El Faro & Albuquerque (2002) measured 21.8 days for normal curves in Caracu cows, and Madalena et al. (1979) measured 5-6 days for Holstein-Frisian and crossbred Gyr and Holstein-Friesian cows. Milk yield at the lactation peak was affected by the farm as well as the interaction between genetic group and lactation number. The Felixlândia Farm had a milk yield at lactation peak 0.7 kg higher than the Patos de Minas Farm. This result is most likely related to differences in the condition of animals resulting from differences in roughage quality, since the animals in the present study had no pre-calving preparation. According to Baumann & Currie (1980) , in the first month of lactation, body reserves may contribute with approximately 33% of milk production. For HolsteinNellore and Holstein-Zebu crossbred cows, milk yield peak was lowest in the first lactation and similar in the remaining lactations. In the remaining genetic groups, the lowest values were also observed for the first lactation, followed by the second, third, fourth or higher numbers, and the last two lactations did not differ (Table 9) . During the first lactations, primiparous cows are still developing and have reduced udder and digestive capacity and direct a portion of their nutrients to growth. For the first lactation, the highest yield was observed in the crossbred Holstein-Gyr cows, and the lowest yield was observed the in Holstein-Guzerat and Holstein-Nellore cows (Table 7) . The peak yields for primiparous cows were the lowest, perhaps because these cows were still growing and a portion of their nutrients was directed to growth. Investigating the factors that affect the shape of lactation curves for Holstein cows, Tekerli et al. (2000) observed reduced peak yields in primiparous cows. Junqueira et al. (1997) also observed increased milk yield at the lactation peak as the number of parities increased in Holstein cows.
Farm, season of calving and the interaction between genetic group and lactation number affected lactation persistency, which was defined by Wood (1967) as the period when the lactation peak is sustained. Management practices to improve animal behavior, primarily during milking, may promote dairy potential in the animal and prevent what is known as 'milk hiding.' Proper nutrition management is also required for high milk production during lactation. Reduced persistency was observed for lactations initiated at the end of the rainy season.
Increased persistency was observed for the first lactation in Holstein-Guzerat animals, whereas similar persistency values were observed for all lactations in the remaining genetic groups (Table 9) . Persistency, as estimated using Wood's incomplete gamma function (1967) , is difficult to interpret because it lacks a biological unit of measure. An increased value indicates increased lactation persistency.
Increased persistency values observed in the first lactations (Table 8) are typically related to longer service periods, which delay the negative effect of the fetus on milk yield. As cited by Capuco et al. (2003) , Bachman et al. (1988) reported that the negative effect of pregnancy on milk production coincides with the onset of estrogen secretion by the fetalplacental unit, and estrogen mediates the inhibitory effects of pregnancy on lactation. Increased lactation persistency was also observed by Abubakar & Buvanendran (1981) in primiparous Frisian-Bunaji crossbred cows in Nigeria and by Cobuci et al. (2001) in Guzerat cows. Farm, genetic group, season of calving, and lactation number affected the estimated total yield. The estimated total yield from the Felixlândia farm was 24% higher than that from the Patos de Minas farm. This difference likely resulted from management practices specific to each farm and putative differences in roughage quality. Higher total milk yields were estimated for the Holstein-Gyr and Holstein-Zebu groups; the yields were approximately 14% higher than that estimated for the Holstein-Guzerat group, which, in turn, was 14% higher than for the HolsteinNellore cows. The lower total milk yield estimated for the latter group may have been caused by more active behavior and because milk is not typically a trait selected in the Nellore breed (Table 10) .
Increased total yields were estimated for lactations initiated at the onset and end of the dry season ( Table 10 ). Cows that began lactating at the onset of drought received dry roughage supplementation of corn silage and concentrate for two thirds of the lactation. Cows that calved at the end of drought received roughage supplementation during the first third of their lactation and grazed for the remaining two thirds. Decreased total yields for lactations initiated at the end of the rainy season may be linked to the reduced persistency observed over the same period.
In general, total yield increased with lactation number. The lowest and highest total yields were observed for the first and fourth lactations, respectively (Table 10 ). The increase in total yield associated with parity is related to physiological development because the primiparous cows are growing and to milking conditioning. Animals at higher lactations are more conditioned to milking and have higher digestive, respiratory and udder capacities. Differences between genetic groups may be related to genetic differences between the animals depending on the whether the Zebu breed was selected for milk production and behavior.
Season of calving and interaction between genetic group and lactation number affected lactation length. The lactation period was shorter when it began at the end of the rainy season (Table 11 ). For lactations that began during this period, the last third of the lactation was during the transition period between the end of the rainy season and the onset of drought. Perhaps because they are at the end of lactation, little attention has been given to the nutritional management of such animals, which has led to their dying off. In the Holstein-Guzerat and Holstein-Zebu groups, the longest and shortest lactation lengths were observed for the first, fourth or higher lactations, respectively. In the first lactation, lactation length was longest for the HolsteinZebu and Holstein-Guzerat groups (Table 12 ).
Conclusions
Wood's incomplete gamma function (1967) properly fits the data to describe the individual curves for HolsteinGyr, Holstein-Guzerat, Holstein-Nellore, and HolsteinZebu F1 cows. Differences between the total yields for the four genetic groups are related to increased early and peak yields, as the lactation persistency did not differ among the genetic groups.
